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G ALACTOSID ASE-TRE ATED PROSTHETIC DEVICES 

FTFLD OF THE INVENTION 

regeneration of tissue using substantial* ^unologicaUy-convpatTbie uevi.es as » v,v„ 
scaffolds. 

BACKGROUND OF THE INVENTION 

[02 1 The m edial and lateral menisci are biconcave, generaUy C-shaped wedges of 
ZcaLe interposed between the eondy.es of the femur and the tibia. Together, the menisci 
"riL.providinga.n— 

Ore tibia and the femnr. Without fictional menisci, stress concentrate occurs in me Knee in 
conjunction with abnormal Joint mechanics. These phenomena can resnit m premahrre 

development of arthritis rf ^ 

[03 ] The replacement of memsca! tissue to ^ ^ 

m{ ,t P rials however, is often unsuccessful, llus lacK oi t>uuo v 
opposmg'sutteular cartilage of human and animal knee joints is fragile. The articular cartilage m 
to J joint will not withstand abrasive interfaces, or compliance vanances from normal, 

multiples of body weight that, in the case of the Unee and hip, are typical y encountemd over 
million cycles per year. Thus far, permanent artificial menisci have not been composed of 
million cy p „ moerties nor have they been able to be positioned securely 

materials having natural meniscal properties, nor nav j 

enough to withstand such routine forces. «,„.„. 
fOfl U S Pat. Nos. 6,042,610, 5,735,903, 5,479,033, 5,624,463, 5,306,311, 5,108,438, 

07 934 'and 4,880,429 (each incorporated herein by reference) describe a prosthetic meniscus 
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prosthetic menisci formulated from dry, porous matrices of processed natural fibers such as 
reconstituted cross-linked collagen, which optionally include glycosaminoglycan molecules. 
Generally, the source of collagen for these prosthetic menisci has been animal Achilles tendons 
or skin The reconstitution process removes non-collagenous materials such as glycoprotevns, 
proteoglycans, lipids, native glycosaminoglycans, and the like, which may confer additional 
elastic properties to the original tissue. However, the reconstitution process can leave anUgemc 
components, causing an immunological reaction when the prosthetic meniscos is implanted mto 
a subject. 

[05] Accordingly, there is a continuing need in the art for a substantially 
immunologically-compatible prosthetic meniscus. 

SUMMARY OF THE INVENTION 

[06] The invention provides a substantially immunologically-compatible meniscal 
augmentation device for implantation into a subject, in a region disposed between and 
connecting two of me subject's bones. The region can be a segmental defect of a meniscus, an 
intervertebral region, a ligament region, or other area. The subject can be a human. The 
implantable prosthetic device has a reduced immunogenicity, due to the treatment of the matrix 
material from which the device is constructed. The matrix material is treated with 
oc-galactosidase to eliminate oc-Gal epitopes. 

[07] Upon implantation into the region disposed between and connecting two of the subject's 
bones, the composite formed by the subject's body region and the device has an in vivo outer 
surface contour substantially the same as a natural region that is being treated. The devxce 
establishes a biocompatible and partially bioresorbable scaffold adapted for ingrowth of 
fibrochondrocytes, fibroblasts or chondrocytes (such as meniscal fibrochondrocytes, vertebral 
fibrochondrocytes, etc.). The scaffold, together with the ingrown cells support natural load 
forces in the region. 

[08] The invention also provides methods for fabricating a prosthetic device having in vivo the 
shape desired (such as a segmental defect in a meniscus, for example). The method involves 
preparing matrix material by treatment with oc-galactosidase to eliminate cc-Gal epitopes. The 
method also involves placing a plurality of the resulting biocompatible and partially 
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bioresorbable fibers into a mold defining the desired shape, lyopbiUzing the fibers, and 
contacting tire fibers with a chemical cross-finking agent such that tire fibers assume the shape of 
the mold. Tire mold defines the outer surface of the device to complement the desired body 

ToT' Alternatively, after the molding is completed, the structure or matrix formed in the mold 
is cut so mat its outer surface is complementary to a segmental defect This method yield. . 
maul* adapted to have an outer surface contour comp.ementary to that of tire segmental defect m 
the meniscus. When implanted into the segmental defect of tire meniscus, the matrix estabhshes 
a biocompatible and an at leas, partially bioresorbable scaffold for ingrowth of memscal 
fibrochondrocytes and for supporting natural meniscal load forces. The in vivo outer surface of 
the composite of tire meniscus and the implanted matrix is substantially the same as that of a 
natural meniscus without segmental defect. 

nm In addition, tire invention provides a method for regenerating meniscal tissue n wvo. The 
method invokes fabricating a meniscal augmentation device composed of biocompatible and a, 
least partially bioresorbable fibers with reduced immunogenicity as described above, and tiren 
implanting the device into a segmental defect in the meniscus. This implanted device estabhshes 
a biocompatible and an at leas, partially bioresorbable scaffold adapted for ingrowm of memscal 
fibrochondrocytes. The scaffold in combination with the ingrown meniscal fibrochondrocytes 
support natural meniscal load forces. , . • 

m] In another embodiment, the invention provides a method of preparing a prosthetrc devrce, 
wMchmcludesremovmgatleastaportion.ofatUsuefromanon-humananimaltoprovrde 

matrix material; washing the matrix material in water and alcohol; subjecting the matrix matenal 
,o a cellular disruption treatment; and digesting the matrix material with a glycosidase to remove 
first surface carbohydrate moieties, then preparing the matrix material as a prostheUc devrce, as 
described above. 

im In yet another embodiment, the invention provides a prosthetic memscus for unplantauon 
into a subject that includes a device wherein the matrix material is made ftom aportion of a soft 
tissue from a non-human animal, wherein the portion includes extracellular components and 
substantially only dead cells, the extracellular components and dead cells having substantially no 
surface a-galactosyl moieties. The prosthetic device is substantially non-immunogemc. 
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Optionally, the material has capping molecules linked to at least a portion of surface 
carbohydrate moieties, or has reduced proteoglycans. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[13] FIG. 1 is a simplified diagram of a human knee joint, with menisci in native positioning. 
[14] FIG. 1A is a diagram of a cut-away view of the knee joint showing the medial and lateral 
menisci as they are positioned in vivo over the medial and lateral condyles. 
[15] FIG. 2 shows a perspective view of an exemplary prosthetic meniscus in accordance with 

the invention. 

[16] FIG. 3 shows a perspective radial section of the prosthetic meniscus of FIG. 2. 
[17] FIG. 4 shows aperspective view of an alternative embodiment of the invention; 
[18] FIG. 5 shows a sectional view along line 5-5 of the prosthetic meniscus of FIG. 4. 
[19] FIG. 6 shows a mold designed for the fabrication of a prosthetic meniscus having a 
cylindrical pad shape. 

[20] FIG. 7 shows a mold designed for the fabrication of a prosthetic meniscus having a 
crescent-shaped wedge form. 

[21] FIG. 8 shows a mold designed for the fabrication of a cylindrical prosthetic meniscus. 
DETAILED DESCRIPTION OF THE INVENTION 

[22] A prosthetic device fabricated from biocompatible and bioresorbable fibers can be 
surgically implanted into a region disposed between and connecting two of the subject's bones, 
so as to provide normal motion and strength (for surgical implantation, see, U.S. Pat. Nos. 
6,042,610, 5,735,903, 5,479,033, 5,624,463, 5,306,311, 5,108,438, 5,007,934, and 4,880,429, 
each incorporated herein by reference). The prosthetic device also acts as a scaffold for 
regenerating tissue, the ingrowth of which is encouraged by the physical characteristics of the 
implanted device. Such ingrowth results in a composite of the subject host body region and the 
prosthetic device that has an in vivo outer surface contour that is substantially the same as a 
natural body region. 

[23] FIG. 1 is a diagram of the normal positioning of medial meniscus 7 and lateral meniscus 
8 in the human knee joint 3 between the femur 2 and tibia 4. These menisci, when compressed 
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between the femur 2 and tibia 4, become tough except at their points of attachment FIG. 1A 
shows the in vivo structure of medial meniscus 7 and lateral meniscus 8 in the knee jomt 3. The 
menisci conform to the shapes of the surfaces between which they are positioned, thereby 
resulting in two distinct in vivo forms. For example, the medial meniscus 7 has a relatively open 
crescent shape, while the lateral meniscus 8 has a relatively closed crescent shape. 
[24] An exemplary prosthetic meniscus 10 is shown in FIG. 2. The prosthetic meniscns 10 rs a 
generally wedge-shaped, porous dry matrix or scaffold which extends cimumferentially or 
laterally at leas, in part about a central axis 1 1 . In the preferred form, the prosthetic meniscus 10 
has tie shape of a crescent-shaped wedge, extending deferentially about the axis 11, and 
comprisingarelativelywidecentral region 12 between two narrow distal regions 14 and 16. In 
the preferred form, the wedge has maximum height A a. its peripheral edge of approximately 0.4 
inches, a height D at its central point of approximately 0.2 inches, and a maxnnum radral 
dimension C of approximately 1.0 inches. The crescent shaped wedge subtends an angle B about 
axis 11 substantially in the range of about 135 to about 155 degrees, and preferably of about 150 

degrees. 

[25] In the embodiment illustrated in FIG. 2, the prosthetic meniscus 10 mcludes a mesh 
member 20 extending from its peripheral edge. The mesh member 20 is composed of a 
biocompatible, bioresorbable material, and provides a readily used structure for anchonng the 
army 10 in place. The mesh member 20 may function in this capacity until suffice™ tissue 
ingrowth occurs to then provide that Sanction. By way of an example, the mesh member 20 may 
be a#l mesh screen composed of absorbable suture materials such as polyglyconate, Dexon, or 
polydioxane (PDS) woven into a mesh. Non-absorbable suture materials such as Goretex® may 
also be used. 

[26] FIGS 4 and 5 show an additional embodiment of the invention, which is sirmlar in 
composition to the prosthetic meniscus depicted in FIG. 2. More particularly, FIG. 4 deptcts a 
right circular cylinder-shaped meniscus 22, extending fully about axis 11, i.e. where angle B 
equals 0 degrees (i.e. the meniscus subtends 360 degrees.) FIG. 5 shows a sectional view along 
line 5-5 of the meniscus shown in FIG. 4. The device illustrated in FIGS. 4 and 5 show the 
shape of the meniscus 22 when implanted; that is, the height D at areas 1 1 is less than the 
peripheral heigh. A of the device. Prior to indentation, the device 22 may in some cases not 
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have this relationship but upon testation, the normal loads applied by the body foree this 

conformation. ■ 
f271 Demons. The «enn "soft tissue", as used herein, refers to cartilaginous structures, such 

as m e»isc„s and articular cartilage; and ligaments, such as anterior cruciate ligaments; and 

^fared from an animal of one species to one of another species. M. » H*«* 
Dictionary (WilUams & WiUcins, Baltimore, MD, 1995). The term "xenogenetc as m. for 
example, xenogeneic soft tissue refers to soft tissue transferred from an animal of one specs to 

one of another species. Id. 

, , oc ir, f«r examole cellular disruption treatment refers to a 

[28] The term "cellular disruption" as in, for example, ceiiuicu v 

treatment for killing cells. 

[29] Theterm-portion-ofabodypartreferstoallorlessthanalloftherespechvebodypart. 

the invention, provoke immunogenic reactions such as chronic and hyperacute reject™ of the 
l^ ft .^sedherem,me,erm»chromcreiection"referstoaninnnuno^ ogice, reaction m an 
indivTdua, against axenograftbeing implanted intothe individual. Typically, chrome redouts 

xenograft and carbohydrate moieties expressed on cells, and/or cellular manices and/or 
extrlllar component of the xenograft. For example, transplantation of carhlage xenografts 

the carbohydrate structure Gal«l-3Gal P l-4Glc N Ac-R («-galac,osyl or a-ga, epitope) expressed 
in to xenograft. K.R. Stone et «/., Transplantation 63: 640-645 (1997); U. Gahh et al 
Transplantation 63: 646-651 (1997). In chronic rejection, the immune system typically responds 
withinouetotwoweeksofimplantationofu.exenograft. In contrast with "chrome ^ection , 
•Hyperacute rejection" as used herein, refers to the immunological reaction in an mdmdual 

by to interaction of IgM natural antibodies in the serum of the individual recetvmg the 
xenograft and carbohydrate moieties expressed on cell, This interaction activates the 
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complement system, causing lysis of the vascular bed and stoppage of blood flow in the 
receiving individual within minutes to two to three hours. 

pi] As used herein, the term "extracellular components" refers to any extracellular water, 
collagen and elastic fibers, proteoglycans, fibronectin, elastin, and other glycoprotein 
[321 As used herein, the term "segmental meniscal defect" encompasses a tear or lesron 
(including radial tears, horizontal tears, bucket handle tears, complex tears) in less man the entire 
m eniscus, resulting in partial resection of the meniscus. The meniscal augmentation devtce » 
composed of biocompatible and at least partially bioresorbable fibers, snch as natural polymers, 
and typically has an outer surface contour substantially complementary to me segmental defect 

of the meniscus. . 
[33] As used herein, the term "subject" includes living organisms susceptible to memscal 
defects, ,g., mammals. Examples of subjects include humans, dogs, cats, horses, cows, goats, 



rats and mice. 

[34 ] As used herein, the term "cellular disruption" as in, for example, cellular chsrupuon 
treatment, refers to a treatment for killing cells. 

[35] As used herein, the tenn "capping molecule", refers to a molecule that links «d> 
carbohydrate chains such mat the xenograft is no longer recognized as foreign by the subject's 

immune system. , 
[36] As used herein, the terms "to cap" or "capping", refer to linking a capping molecule such 
as a carbohydrate unit to me end of a carbohydrate chain, as in, for example, covalently linkmg a 
carbohydrate unit to surface carbohydrate moieties on the xenograft. 
[37] As used herein, the term "first surface carbohydrate moiety (moieties)" refers to a 
terminal a-galactosyl sugar at the non-reducing end of a carbohydrate chain. 
[381 As used herein, the term "second surface carbohydrate moiety (moieties)" refers to a 
tf-acetyllactosamine residue at the non-reducing end of a carbohydrate chain, the residue bemg 
. non-capped either naturally or as a result of prior cleavage of an a-galactosyl eprtope. 
[39] Substantially Immunologically-Ccmpatible Matrix Material. In the first step of the 
method of the invention, an intact soft tissue is removed from a non-human animal. Mcdral or 
[ateral meniscus is removed from the knee joints of me non-human animal. Articular cartilage » 
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removed from any joint of the non-human animal. Ligaments and tendons, such as, for example, 
the Achilles tendon, are also removed from non-human animals. 

[40] The joint which serves as the source of the soft tissue should be collected from freshly 
killed animals and preferably immediately placed in a suitable sterile isotonic or other tissue 
preserving solution. Harvesting of the joints should occur as soon as possible after slaughter of 
the animal and preferably should be performed in the cold, i.e. , in the approximate range of about 
5°C to about 20°C, to minimize enzymatic degradation of the soft tissue. Preferably, the soft 
tissue is harvested in the cold, under strict sterile technique. 

[41] With respect to meniscal soft tissue, the joint is opened by first transecting the patellar 
tendon. The horns of the menisci are dissected free of adhering tissue. A small amount of bone 
representing a substantially cylindrical plug of approximately five millimeters in diameter by 
five millimeters in depth may be left attached to the horns. The meniscal synovial junction is 
carefully identified and freed from the meniscus tissue itself, thereby forming the matrix 
material. 

[42] With respect to articular cartilage soft tissue, a fine peel of articular cartilage with a small 
layer of subchondral bone is shaved from the donor joint to form the matrix material. 
[43] With respect to ligament soft tissue, the donor joint is opened by standard surgical 
technique. Preferably, the ligament is harvested with a block of bone attached to one or both 
ends, although in some forms of the invention the ligament alone is harvested. In one form of 
the invention, a block of bone representing a substantially cylindrical plug of approximately 9-10 
mm in diameter by approximately 20-40 mm in length may be left attached to the ligament. The 
ligament is carefully identified and dissected free of adhering tissue, thereby forming the matrix 
material. 

[44] With respect to heart valve soft tissue, porcine peritoneum or pericardium is harvested to 
form the matrix material according to procedures known to those of ordinary skill in the art. See, 
for example, the peritoneum harvesting procedure discussed in U.S. Patent No. 4,755,593 by 
Lauren. 

[45] The resulting matrix material is then washed in about ten volumes of sterile cold water to 
remove residual blood proteins and water-soluble materials. The matrix material is then 
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remove non-collagenous materials. 

Re-expression of antigenic moieties of a matrix materia, can provoke continued unmunogemc 
rejection of the matrix materia!. In contra*, dead ceUs axe unable to re-express surface 

the extracetiuiar components of a matrix material substantially and permanent, y 

antigenic surface carbohydrate moieties as a source of immunogemc rejection of the prosthebc 



[471 According,* in the above-identified embodiments, tire matrix materia, is subjected to 
Le/thaw cyciing as discussed above to disrupt, i.e., to xi,, the ceUs of the soft tissue. 
Alternatively, the matrix materia of the device of me invention is treated wtih gamma — n 

cells Ldsterilizesmematrix materia,. Oncexilled, the soft tissue cells are no longer able to 

immunogenic rejection of transplanted xenografts. 

[48] Lerbeforeorafiermesofitissuecellsa^ 

Llixmaterialissubjecteti.o.nv^digestionofti.emanix materia, wim g ,ycos ; dases, and 
TpecificaUy galactosidases, such as n-galactosidase, to ensymatically etiminate anbgemc surfa. 

a-galactosidases, as shown in the following reacuon: 

a-galactosidase 

. — -v y a x> — > GalBl-4GlcNAc-R+Gal 

Gal al-3Galpl-4GlcNAc-R > ^ v 

JV-acetyllactosamine 

a-gal epitope 

[49] The ^-acetyUactosamine residues are epitopes that are normaUy expressed on human and 
LammaUan ce„s and thus are no, immunogemc. Tta in vitro digestion of the matrix maten* 
with gryensidases is accomptished by various methods. For examp,e, tire matnx matenal can 
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soaked or incubated in abuffer solution containing glycosidase. Alternatively, a buffer solution 
eontaining tire glycosidase can be forced under pressure into the matrix material via a pulsatile 

lavage process. , . 

[501 Elimination ofthea-gal epitopes from the matrix material diminishes the mnnune 
response against the matrix material. The a-gal epitope is expressed in non-primate mammals 
and inNew World monkeys (monkeys of South America) as Ixl0<-35xl0« epitopes per eel , as 
well as on macromoleeules such as proteoglycans of the extracellular components. U. GahU et 
al. J Biol Chen, 263: 17755 (1988). This epitope is absent in Old World primates (monkeys of 
As'iaandAfricandape^andhumans.howeve, Id. Anti-Gal is produced in humans and 
primatesasaresultofaninununeresponsema-galepitopecarbohydratesmrctureson 

gastrointestinalbacteria. U. Galili et al.. Infect. Immunol. 56: 1730(1988); IK Hamadeh et 
al. J. Clin Invest. 89: 1223 (1992). Since non-primate mammals produce a-gal eprtopes, 
xenotransplantation of xenografts from these mammals into primates results in rejection because 
of primate anti-Gal binding to these epitopes on the xenograft. The binding results m the 
destruction of the xenograft by complement fixation and by antibody dependent cell cytotoxna* 
U Galili et al.. Immunology Today 14: 480 (1993); M. Sandrin et al. Proc. Nat,. Acad. Sc. USA 
90- 11391 (1993); H. Good et al.. Transplant. Proc. 24: 559 (1992); B.H. Collins et a!.. J. 
Immunol 154: 5500(1995). Furthermore, xenotransplantation results in major activahon of the 
tenune system to produce increased amounts of high affinity anti-Gal. Accordingly, the 
substantial elimination of a-gal epitopes from cells and from extracellular components of the 
xenogmft, and the prevention of re-expression of cellular a-gal epitopes can dimnush the 
i_ response against the prosthetic device associated with anti-Gal antibody binding wfth 
a-gal epitopes. 

[51] Further, the prosthetic devices of the invention are particularly well snited to ,n vuro 
enzymatic elimination of the a-gal epitopes. In contrast to organs and other tissues, tire cartilage 
extracellular components undergo extremely slow turnover. Moreover, once the cartdage cells, 
i.e., the fibrochondrocytes are killed, these cells are prevented from re-expressing the a-gal 
epitopes, as discussed above. 

[52] Inaddition.mesofttissuematrixmaterialmaybetieatedwimpolyethyleneglycolfPEG) 
prior to or concurrently with treatment with glyeosidase. PEG acts as a carrier for the 

10 
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glycosidase by covalently bonding to the enzyme and to the collagen extracellular components. 
Further PEG-treated xenografts have reduced immunogenicity. 

[53] Either before or after the soft tissue cells are killed, to embodiments of the invention, the 
matrix material is washed or digested with one or more different types of proteoglycan-depletmg 
factors The proteoglycan-depleting factor treatment can precede or follow glycosrdase 
treatment. Proteoglycans such as glycosamtooglycans (GAGs) are interspersed either umfonnly 
as individual molecules or within varying amounts within the extracellular components of the 
matrix material. The GAGs include mucopolysaccharide molecules such as chondro.tm 
4-sulfate, chondroitin 6-sulfate, keratan sulfate, dermatan sulfate, heparin sulfate, hyaluronic 
acid and mixtures thereof. The proteoglycans including such GAGs contain attached 
carbohydrates such as o-gal epitopes. Such epitopes stimulate an immune response once the 
xenograft is transplanted, as discussed above. Washing or digesting the matrix material wrth the 
proteoglycan-depleting factor removes at least a portion of the proteoglycans and attached a-gal 
epitopes from toe extracellular components of the matrix material, and thereby diminishes toe 
immune response against toe prosthetic device upon its transplantation. After the 
proteoglycan-depleting factor treatment and subsequent transplantation, natural tissue can 
repopulate the remaining collagen shell. 

[54] Non-limiting examples of the proteoglycan-depleting factors used in the method of toe 
invention include proteoglycan-depleting factors such as chondroitinase ABC, hyaluronidase, 
chondroitin AC ft lyase, keratanase, and trypsin. Other proteoglycan-depleting factors used m 
the method of toe invention include fragments of fibronectin. Homanberg e, al. suggest that 
fibronectin fragments, such as toe amino-terminal 29-kDa fragment, bind to toe superfical 
surface of articular cartilage soft tissue and penetrate toe cartilage to surround toe cartilage cells. 
G A Homandberg et al.. Biochem. J. 321 : 751-757 (1997); G.A. Homandberg et al, 
Osteoarthritis and Carriage 5: 309-319 (1997); G.A. Homandberg et al.. Archives Of 
Biochemistry And Biophysics 311(2); 213-218 (June 1994); G.A. Homandberg et al. 
Inflammation Research 46; 467-471 (1997). At selected concentrations, Homanberg et al 
further suggest that toe addition of such fibronectin fragments to cartilage in vitro or in vivo 
results in the temporary suppression of proteoglycan synthesis and toe enhancement of 
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extracellular metalloproteinases which in turn cause a rapid proteoglycan loss from cartilage 

ST Otter proteoglycan-depleting factors known to those of ordinary skill in the art «. also 
possible for use with the invention, however. The matrix material of the device is treated wrth 
proteoglycan-depleting factor in an amount effective for removing at least a portion of the 
proteoglycans & om the extracellular components of the matrix material. Preferably, the matnx 
material is treated with proteoglyean-depleting factor such as hyaluronics in an amount 
ranging from about 1.0 TRU/ml to about 100.0 TRU/ml or proteoglycan-depleting factor such as 
chonmoitinaseABCmanamonBtrangmgnomaboutO.Olu/mltoahouti.Ou/mlormost 

preferably, in an amount ranging horn about 1.0 pl/ml to about 2.0 p/ml. The matnx matenal 
canalsobe treated wifc proteoglycan-depleting factor such as fibronectiu ftagment, ammo 
terminal 29-kDa fibronectin fragment) in an amount ranging from about .01 pM to about 1.0 
pM, and preferably in an amount ranging from about 0.1 pM to about 1.0 pM. 
[561 Following treatment with glycosidase or treatment with proteoglycan-depletmg factors, 
the remaining carbohydrate chains (e.g., glycosaminoglycans) of the matrix material are 
optionally treated with capping molecules to cap at least a portion of the remanun, .carbohydrate 
chains. Examples of capping molecules used in the method of the invention mclude frtcosyl and 

N-acetyl glucosamine. . . 

K7] Co— of,He Prosaic Device. The fibers of the menisca, augmentation dev.ce of 
the invention canbe prepared from the substantially immunologically-compatible matnx 
material described above, where the matrix material is in tire form of a dry, porous volume 
matnx,aportionofwhichmaybe cross-linked. Inapreferred embodiment, the matnx matena! 
can be chosen for the ability to provide lubrication as well as mechanical strength, 
rssl The porous matrix of the prosthetic device encourages ingrowth of meniscal 
fibrochondrocy.es, endothelial cells, fibroblasts, and other cells that normally occupy the 
extracellular matrix as well as synthesize and deposit extracellular matrix components. These 
fibers mclude coUagen, elastin, retienlin, analogs thereof and mixtures thereof; winch are 
generally obtained from animal tissue and made with reduced immunogenic^ as descnbed 
above In some forms of the invention, the fibers may be randomly oriented throughout the 
matrix. Alternatively, the fibers may assume substantially circumferentially extendmg or 
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substantially radially extending orientation throughout the meniscal augmentation devtce. The 
density of the fibers of the meniscal augmentation deviee may be uniform or non-uniform 
fluoughou, the device. In the non-uniform configuration, relatively high densities of fibers may 
be established at anticipated points of high stress. 

[59] The deviee can also be constructed of other biopolymers, such as cellulose, algrmc add, 
chitosan, and analogs thereof, and mixtures thereof (in addition to or conjunction with collagen, 
elastin, and reticulin). 

[60] To encourage ingrowth of meniscal fibrochondrocytes (including vertebral 
fibrochondrocytes or articular fibrochondrocytes) and other types of cells into the porous volume 
nratrix, while at the same time preserving the mechanical strength and cushioning amity of the 
device, the density of the meniscal augmentation device can be manipulated. For example .fa 
relatively great intrafibrillary and interfibriUary space is desired to encourage tissue growth mto 

the matrix, tire density of the device can be in therange from about 0.07 to about 0.15 g 

nratrixW, where g/ cm 3 represents the number of grams in a cubic centimeter of the matnx. 

[61] Alternatively, the density can be about 0.07 to 0.50 g matrix/cm', or more parbcularly, 

about 0.10 to about 0.25 g matrix/cm 3 . 

[62] Alternatively, if a relatively small intrafibrillary and interfibriUary space is destred to 
provide mechanical support for the knee joint and improved cushioning, the density of the devrce 
bedesignedtobeintherangeftomabout0.15toabout0.50gmatrix/cm . Inapreferred 
emb.dimen,,thematrixha S adensityofabou.0.10.oabout0.25gmatrix/cm wrthan 
intrafibrillary and interfibriUary space of about 8 cm'/g matrix to about 9 cm /g matrix, which 

offers an ideal environment for ingrowth of meniscal fibrochondrocytes as well as other cells 

while maintaining sufficient mechanical strength to support natural meniscal load forces. 

[63] Alternatively, the device matrix can have an intrafibrillary and interfibriUary space of 

about 2 to 25 cm 3 /g matrix material, or 2 to 14 cm 3 /g matrix. 

[64] Inoneembodiment,thep ro smeticdeviceisapresmeticintervertebraldisc,mematnx 
being adapted to have in vivo an outer surface contour substantia^ the same as mat of a natural 
intervertebral disc. The device matrix thus establishes an at leas, partially bioresorbable scaffold 
adapted for ingrowth of vertebral fibrochondrocytes and the device matrix and the tngrown 
vertebral fibrochondrocytes support natural intervertebra! load forces. The device is in the shape 
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. of a disc, and the fibers in the device matrix can be oriented in a substantially ordered fashion in 
the region adjacent to the peripheral edge of the disc, the orientation being substantially 
circumferential. In one particular embodiment, the matrix material includes low density 
filaments having a density of about 0.05 to about 0.40 g/cm 3 . In another particular embodiment, 
the low density filaments are from about 0.07 to about 0.30 g/cm 3 . 

[65] In another embodiment, the prosthetic device is a prosthetic ligament, with the matrix 
material being made of a plurality of substantially aligned, elongated filaments. The filaments of 
the device matrix establish a bioresorbable scaffold adapted for ingrowth of ligament fibroblasts, 
and the device matrix and the ingrown fibroblasts support natural ligament tensile forces. 
[66] In a particular embodiment, the device matrix material includes fibrils (such as protein 
fibrils) that are present in the matrix at a concentration of about 75 to 1 00% by dry weight, and 
polysaccharide molecules (such as glycosaminoglycans) that are present at a concentration of 
about 0 to 25% by dry weight. 

[67] Cross-linking. The matrix can also include glycosaminoglycan molecules (GAGs) 
interspersed throughout the fibers. These molecules contain chains of repeating disaccharide 
units containing an N-acetylated hexosamine and provide lubrication and cross-links for the 
meniscal augmentation device. Examples of GAGs that can be used in the method of the 
invention include chondroitin 4-sulfate, chondroitin 6-sulfate, keratan sulfate, dermatan sulfate, 
heparan sulfate, hyaluronic acid, and mixtures thereof as components of the matrix. The GAGs 
can be uniformly dispersed throughout the meniscal augmentation device as individual 
molecules, or they can be present in varying amounts in different regions of the device. The 
matrix can be composed of about 75-100% natural fibers and about 0-25% GAGs by dry weight. 
These proportions can be constant or variable throughout the matrix. 

[68] In one embodiment, the device matrix material includes collagen and glycosaminoglycan 
cross-links. The glycosaminoglycan cross-links are present at a density less than about 0.95 and 
greater than about 0.50 cross-link/collagen ratio. 

[69] In another embodiment, the molecular weight of the molecular cross-links is within the 
range of about 800-60,000 daltons. 

[70] The temporary stability of the shape of the meniscal augmentation device when in vivo, 
and the rate of resorption of the fibers (and GAGs if the device contains GAGs), are both 
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cross-links. Alternatively, they may interae, with amino, earboxyl, or hydroxyl on afferent 
molecules or on fibers and GAGs to form intermolecnlar cross-link, Useful cross-hnkurg 
reagents include glutaraldehyde, formaldehyde, biocompatible bifiurctional aldehydes 
carbodiimides, hexamethylene diisocyanate, bis-ionidates, polyglycerol polyglyctdyl ether, 
glyoxal, bisimidates, adipyl chloride and mixtures thereof. ' 
nil mtermolecularcross-fin^^ 

and vacuum), which results in peptide bond formation between an amino group of lysme or 

has a relatively high thermal stabiiity between about 55°C to 85°C, preferably between 65 C to 
75°C for sufficient in vivo stability. This may be achieved throng manipulation of the 
cross-linking conditions, including reagent concentration, temperature, pH, and tune 
T721 The cross-linked device maintains a sufficient degree of hydrophilicuy and elashcty, 
the eby simulating the properties of a natural meniscus or a portion thereof (,'.,, the abihty to 

provides an ideal environment for cell infiltiation and extracellular matrix synthesrs and 

The invention further pertains to a method of fabricating a meniscal augmentation device. 
Tue method generaUy includes placing a plurality of fibers (or fibers and GAGs, or fibers .and 
growth factors and/or adhesion factors and/or GAGS), into a mold having a shape defined by the 

the segmental defect to be repaired), lyophilizing the fibers, and contacting Ore fibers or the 
fibers and GAGs with a chemical cross-linking reagent such that the fibers or the fibers and 
GAGs assume the shape of the mold to obtain a dry, porous volume matrix. The mold may 
define tire outer surface of tire device to complement the segmental defect. Alternatively, m eases 
where the other aspects of the invention, an additional cross-linking step is performed by 
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virilizing the chemically cross-linkefl matrix and then subjecting it to dehytothermal 
emss-linkingproceflures. In oases where the mold defines a shape larger than a specfic 
defec.-to-be-repaired, ore outer contour of the matrix may be out so that i, complements the 
defect 

[74] ' AmoldlOOuaeMforfabricatmgmeprosthericmemscusismadeofimplantable 
stainless steel or biocompatible plastics such as Teflon®, polypropylene, Detan®, or 
combination of these materials. The mold 100 is composed of three pieces 102, ,04, and 106 as 
shown in FIGS. 6-8. 

H5] By way of example for the disk-shaped meniscus illustrated in FIGS. 4 and 5, Are mold 
100 of FIG. 6 is used. The first piece 102 is disk-like and has a diameter substantially equal to 
that of fire desired meniscus. Piece 102 is perforated to allow liquid to pass through under 
pressure. The inner surface 103 of piece 102 has the desired shape of one side of the 
meniscus-to-be-formed. 

T76] The second piece 104 is a hollow cylinder that has the same inner dunensron aathe firs, 

L inner diameter of piece 104. The "top", or crown, surface 108 of piston 106 has the desned 
shape of one side of the meniscus-to-be-formed. 

r 771 For the meniscus of FIG. 3, the mold of FIG. 7 is used where the shape of p.ece 102, and 
oross-section of piece 104 have the shape of an angular segment. For a flat circular disk 
m eniscus, the mold 100 of FIG. 8 is used where pieces 102 and 104 are the same as m FIG. 6 and 
piece 106 is similar to that piece in FIG. 108 but has a flat crown surface 108. 
m During fabrication of the meniscus 10, thepiece 102 is first assembled wittan p.ece 104, 
as shown in FIGS. 6-8. The constituent fibers (in a fluid) are placed against the surface 103 of 
piece 102. Then the crown surface 108 of piston 106 is driven toward surface 103 along a 
compression axis 106a until the fibers are compressed, the fluid is driven ou, through p.ece 102, 
and the desired axial dimension of tire compressed fiber array is attained. The mold .s then 
flozen in preparation for chemical cross-linking. 

r 7 9] In one embodiment, Are fibers of the matrix material are oriented in a substantially 
random fashion throughout the matrix. In other embodiments, the fibers of the matrix matenal 
are oriented in a substantially ordered fashion throughout the matrix. For example, the fibers can 
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be substantially cimumferentially extending fibers or substantially radially extending fibers. 
Moreover, the density of the fibers of the matrix material can be substantially uniform 
throughout the matrix or dispersed non-uniformly throughout the matrix. 
[801 Accordingly, the fibers are plaoed randomly or oriented in speeifie directions in, for 
example, mold forms such as a cylindrical form. For example, tire fibers of the matiix matenal 
can be placed in the mold in a circumferential orientation by rotating the mold as the fibers are 
placed therein. Alternatively, the fibers can be oriented radially in the mold by manually pamting 
the fibers in a linear, radially directed pattern. Other components such as GAGs which may 
participate in the cross-linking reactions, can be mixed in with the fibers in a random or 
non-random fashion before the structure is subjected to various cross-linking and dehydrating 
procedures inciuding various chemical and/or dehydrothermal methods. Adhesion molecules or 
adhesive fragments or analogs thereof, or growth factors or biologically active fragments or 
analogs thereof, may be incorporated into this structure during processing. 
[81] in another embodiment of using the mold to fabricate the device, the fabricating includes 
the steps of (1) placing a plurality of biocompatible glycosidase-treated fibers into a mold; (2) 
subjecting the fibers to a first and a second cycle of freezing and thawing; (3) contacting the 
fibers with a chemical cross-linking agent snch that the fibers assume the shape of the mold; and 
(4) lyophilizing the cross-linked fibers. Alternatively, the fabricating of the device can mclnde 
the steps of orienting glycosidase-treated fibera of the matrix material snbstantially 
circumferential by compressing the fibers in the mold with a piston, wherein the piston motion 
is snbstantially directed along a compression axis, while during the compressing step the p,ston 
is rotated with respect to the mold about the compression axis. 
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[821 Specific densities and pore sizes canbe obtained in various regions of the matrix by 

s ,ep This may be accompUshed by applying pressure to a specific region of the mam* wrth a 
pin of a predetermined shape. A preferred pore size range is from about 50 microns to about 
500 microns. Alternatively, the pore size can be substantially in the range 10-50 mrcrons. 
m By following the processes described in the above examples, a meniscal augmentanon 
Lee of the invention can be constructed having the characteristics listed below in TABLE I. 

TABLE I 

PhysicdChar^i^ 
toner margin height 

Outer margin height 0.07-0.05 g/cm.sup.2 

density 5-9 5 cm.sup.3 /gmatrix 

intra- and interfibrulary space ^ cm-* u F & 

Constituents inft0/ 
fiber (collagen) content ' 3 "^ u 
GAG content u ' zo/0 



growth factors " 0 

adhesion molecules 1 



0-1% 



[84] Furthermore, when an aldehyde such as, for example, glutaraldehyde is used as the 
Loss-linking agent, the matrix material may be placed in a buffer*, solution containrng about 
0.001% to about 5.0% glutaraldehyde and preferably, about 0.0! % to about 5.0/. 
gtataraldehyde, and having a pH of about 7.4. More preferably about 0.01% to about . 10 /. 
Lehyde, m d most preferably about 0.01% to about 0.05% aldehyde is used. Any sudable 
buffer may be used, such as phosphate buffered saline or trishydroxymethylaminomethane, and 

of the cross-linking reaction, which may be from one to fourteen days, and preferably from one 
to five days, and most preferably from three to five days. 

[851 Alternatively, the matrix material can be exposed to a cross-linking agent in a vapor 
form, including, but not limited to, a vaporized aldehyde cross-linking agent such as, for 
example, vaporizer! formaldehyde. The vaporized cross-Unking agent can have a concentranon 
and apH and the matrix material canbe exposed to the vaporized cross-linking agent for a 
period of time suitable to permit the cross-linking reaction to occur. For example, tire matnx 
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.pateria! can be exposed to vaporized cross-linking agent having a concentration of about 0.001% 
to about 5.0% and preferably, about 0.01% to about 5.0%, and a pH of about 7 A More 
preferably, tire matrix material is exposed to the aldehyde in an amount ranging from about 
0 01% to about 0.10%, and most preferably to an aldehyde ranging in an amount from about 
0 01% to about 0.05%. The matrix material is exposed to me aldehyde for a period of time 
which can be from one to fourteen days, and preferably from one to five days, and most 
preferably from three to five day, Exposure to vaporized cross-linking agent can result m 
reduced residual chemicals in the matrix material from the cross-linking agent exposure. 
[86] The cross-linking reaction should continue until the immunogenic detemnnants are 
substantially eliminated from the matrix material, but tire reaction should be terminated pnor to 
significant alterations of the mechanical properties of tire matrix materia,. When drammes are 
ruaedaseross-imkingagents.tireglutaraldehydecmss-unkmg should occur after the dranune 
cross-linking, so that any unreacted diamines are capped. After the blinking reactions have 
proceeded to completion as described above, the matrix materia, should be rinsed to remove 
Lidual chemicals, and 0.01-0.10 M glycine, and preferably, O.Or-0.05 M giycme may be added 
to cap any unreacted aldehyde groups which remain. 

[87 ] In another embodiment, the prosthetic device may be constructed mainly of Type ! 
collagen fibers, prepared as described above (by treatment with .-galactosidase to elimmate 
oc-Gal epitopes), without GAG cross-links. 

[88] Moreover, different types of collage such as Type II coilagen, or collagen obtauted 
from other sources, such as biosynthetically-produced collagen or analogs thereof, can also be 
used in the constmction of the meniscal augmentation device. 

[89] AMUonal Tissue Preparation Steps. In addition to the preparation of tissues descnbed 
above (by treatment with -galactose to eliminate <c-Gal epitopes), the tissues can be treated 
with a series of mechanical and chemical methods to either totally remove tire uon-collagenous 
m aterialsorreducethemtoarmmmallevel.Thetendonorskincanbemechamcally 

disintegrated into fine pieces useful for further processing. The disintegration may be achreved 
by grinding the tissue at liquid nitrogen temperature, or by cutting the tisane into smaU preces 
with a sharp knife. In certain appUcations, the tendons are mechanically disintegrated along the 
fiber direction in order to maintain the length of the fibers for mechanical strength. 
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NaC1 ' • . ^ ,„;«, the cell membranes or collagenous matrices may be 

pq Lipidsthatareassoc^wAmecellmem ^ 

^ovedbynrstextractingwimdetergentssuohasTntonX 100, olio y 
ethers — 

f «. .bout 3% The preferred mixture of ether-ethanol is usually at about a 1.1 ratio (y/v) 

hOUrS ' i • u*a 1w matrix swelling conducted at two extreme 

rooi Further extraction may be accomplished by matrix sweinig 

pHs. Botluicidic and basic swelling weakens the non-covalent intermolecular interactions, thus 
Stating me release of non-covalently attached glycoproteins, GAGs, and other 

[93 ] The swelling of matrix at atohnepHis dc y ta te presence 

Ca(OH) J , N aOH > ormeUxe ! " 8 ^ s04>otthelikerete e S me potential 

of .riple-heUoal stabling s such*^* 

Lowingtreatmen^radiahon— nt, u^atmentwim alcohol, ozonation, one or more cyd. 
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A^fthe invention the matrix material may be treated by 
rQM In one embodiment of the method of the invention, m 

, • , a ■ o 700/ caution of isopropanol at room temperature. 
Z ted r^thaw cycling. For example, the matrix materia, may be frozen using any 
method of freezing, so long Preferably the matrix material is dipped into 

temperature (about 25°C) for about ten minutes. No external neat 

TZZZZZ I^ematrixmaterialmayoptionai.yheexpoaed.oachemiea, 
^tor^protehiawithmdieex— 

4 755 593 Any tanning agent may be used for this treatment. 

noo L-l MoWe, ™ - 0*r*»*« • ^M.^Ma^Tb 

[100] Adhsnonn maufilrt her include an adhesion molecule, or adhesive 

prosthetic meniscal augmentation dev.ee may further inclu 

adhesion moi mo iecules include, but are not limited to, 

the device to which cells can stick. Useful adhesi 4 589,881, 4,661,111, and 

chondronectm,osteonec^^ ' 

cnonQro ' . , +rt for pvomrile choiidroitin sulfate, and the 

4,578,079), a portion of which can be conjugated to, for example, cnon 

factors interspersed thr gn ^ ^ ^ ^ ^ ^ Qmang 

in meniscal tissue regeneration. The growtn iacio 
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ri021 Methods of Use. The invention further pertains 

I ! using known arthroscopic surgical techniques. Specific ins— for perfi.rn.ng 
renroducible placement of soft tissue implants. 

also strengthens in response to stress, much like natural tissue. 
; Itose Component. The prosthetic device reay aiso include a hiocontpafibiecontca. base 

J.luusboue.ThehaseconrponentextendsfiornporUonsofthe outer 

md canbe at least partially resorbable. In one embodiment, the base component mc.udes a 

plurality of circumferentially extending ridges. 
^ Thebase component can be made of a composite material, a dispersmn of collagen and 

hyd roxyapatite, or a combination of hicalcium phosphate and hydroxyapahte. In one 
LodLL, the dispersionincludes about 90%by weight calcium compose and aboutlO, 



by weight collagen. 



MOT. The details of one or more embodiments of the invention are set forth in the 
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met hods andmaterials arenow described. Other feature, objects, and advantages of ft e 

appended ^*.«^^P>^^^ ^^^^ 
lerwise. Unless denned otherwise, aU technical and scientific terms used hemm have fire same 

belong^ !aD paten, and publications cited in this specification are incorporated y reference. 
[XOfl The following EXAMPLES are presented to more fully illustrate the prefer^ 
embodiments of the invention. The EXAMPLES should in no way be construed as hunting the 
scope of the invention, as defined by the appended claims. 



EXAMPLE 1 

DEVICE I FABRICATION 

[109] (A) Approximately 700 g of a Type I collagen dispersion (treated with 
..gaiactosidasetoelinunateoc-Galepitop^isweighedintoaaUtervacuumflask. 

Approximately 120 ml 0.66 ammonium hydroxide is added to the dispersion to coacervate the 
clgen. About 80 ml 20% NaCl is men added to the coacervated fibers to further reduce the 

solution imbibition between the fibers. 

(B) ThefUllycoacervatedfihers3redehydra.edtoabou.70gto80gmaperfora.ed 

mesh basket to remove the excess solution from the fibers. 

rilll (C) The partially dehydrated collagen fibers are insertedinto a mold of specrfied 
Lisionrelatedtothedimensionsofthedefecttobe remedied. Euriher dehydration is ongomg 

water from the fibers, yet maintaining the same density throughout. Tms slov 

[1121 (D) The dehydrated collagen matrix is further shaped to the desired form figure. 
[113] (E) The dehydrated collagen fibers are frozen at -20°C for at leas, 4 hours before 
freeze drying in a Virtis® freeze dryer. 

drying at 20°C for 16 to 24 hours at a vacuum of 400 millibar. 
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tll5] (G) mfteeze dried matrices are subjected to a fomaldehyde crossing 
[116] (H) The matrices are then subjected to a ucaim 

cross-link the matrices. meniscus to be 

ril71 (D The matrices are cut to the shape ol Uie segment 

EXAMPLE 2 

DEVICE II FABRICATION 

[119] The procedure for fabricating Device II is identical to that described in Example 2, except 
Lt approximately 700 g of a Type n coliagen dispersion (treated with cc-galactosidase to 
eliminate oc-Gal epitopes) are used. 



EXAMPLE 3 ■ 

DEVICE III FABRICATION 

[120] (A) The collagen content of the highly purified type I collagen fibrils (treated with 
Lgalactositiase to eliminate «-Ga, epitopes) is determined either by gravimetric methods or by 

I collagen. The amount of purified material needed to fabricate a grven densrty 
augmentation device is then determined and weighed. 

[ 121 ] (B) A solution of fibrillar collagen is fit into a mold of specified dunensrons, , S 
orientation of tire fibers is produced'by rotation of the piston about its principal axrs as fire 



24 



„^PCT/US03/17444 
WO 03/105737 ^™ m — 




material is compressed in the mold; radial orientation is produced by manual painting of the 
collagen fibers in a linear, radially directed fashion. 

[122] (C) The fibers are frozen at -20°C, turned out of the mold, and thawed at room 
temperature. 

[123] <D> The fibers are then resuspended in phosphate buffered saline, put back mto the moid 
in the desired orientations, and compressed with the piston. 

(E) The compressed fibers are then reftozen -20°C and then thawed at room temperature. 
[124] (F) The resulting stnacture is cross-linked by soaking in a 02% glutaraldehyde solution, 
p H 7 6 for 24 (±0.5) hours. Each glutaraldehyde-cross-linked meniscal augmentation dev.ce is 
subsequently rinsed repeatedly in 500 ml of phosphate buffered saline (PBS) solution, pH 7.4, 
for 4, 8, 24, and 48 hours. 

[125] (G) The rinsed matrix is then lyophilized. 

S£S^T OF PRIMATE RESPONSE TO IMPLANTED PROSTHETIC MENISCI 
TREATED WITH A-GALACTOSIDASE 

[126] In this EXAMPLE, matrix material for prosthetic devices is treated with a-galactosidase 
,o eliminate a-galactosyl epitopes, the implants are transplanted into cynomolgus monkeys, and 
the primate response to the soft tissue implants is assessed. 

[127] Each set of matrix material is cu, into two portions. Each first portion is immersed m a 
buffer solution containing a-galactosidase at a predetermined concentration. The specimens are 
allowed to incubate in the buffer solutions for a predetermined time period at a predetemnned 
temperature. Each second portion is incubated under similar conditions as the correspondmg 
first portion in a buffer solution in the absence of a-galactosidase and serves as fire control. 
[128] At the end of the incubation, the matrix materials are washed under conditions that allow 
to ea^e to diffuse out. Assays are performed to confirm the complete removal of the a-gal 
epitopes. 

[129] Each prosthetic device is implanted in the supra patellar pouch of six cynomolgus 
monkeys. With the animals under general inhalation anesthesia, an incision of about 1 cm is 
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made direetly into the supra patellar poueh at the superior medial border of the patella exteuding 
proximally. 

[130] Prosthetic devices are also implanted in six cynomolgus monkeys using the following 
implantation procedure. With the animals under general inhalation anesthesia, the anatomic 
insertion sites for the prosthetic devices are identified and drilled to accommodate a substantially 
9 mm in diameter by 40 mm in length bone plug. The prosthetic device is brought through the 
drill holes and affixed with interference screws. 

[131] The implantation procedures are performed under sterile surgical technique, and the 
wounds are closed with 3-0 vicryl or a suitable equivalent known to those of ordinary skill m the 
art The animals are permitted unrestricted cage activity and monitored for any sign of 
discomfort, swelling, infection, orrejection. Blood samples (e.g., 2 ml) are drawn periodically 
(e g , every two weeks) for monitoring of antibodies. 

[132] The occurrence of an immune response against the prosthetic device is assessed by 
determining anti-Gal and non-anti-Gal anti-soft tissue antibodies {i.e., antibodies binding to soft 
tissue antigens other than the a-gal epitopes) in serum samples from the transplanted monkeys. 
At least two ml blood samples are drawn from the transplanted monkeys on the day of implant 
surgery and at periodic {e.g., two week) intervals post-transplantation. The blood samples are 
centrifuged and the serum samples are frozen and evaluated for the anti-Gal and other antibody 
activity. 

[133] Anti-Gal activity is determined in the serum samples in ELISA with a-gal-BS A as solid 
phase antigen, according to methods known in the prior art, such as, for example, the methods 
described in Galili et al, Transplantation 63: 645-651 (1997). 

[134] Assays are conducted to determine whether a-galactosidase treated prosthetic devices 
induce the formation of anti-soft tissue antibodies. For measuring anti-soft tissue antibody 
activity, ELISA assays are performed according to methods known in the prior art, such as, for 
example, the methods described in K.R. Stone et al, Transplantation 63: 640-645 (1997). 
[135] The prosthetic devices are optionally explanted at one to two months post-transplantation, 
sectioned and stained for histological evaluation of inflammatory infiltrates. Post-transplantation 
changes in anti-Gal and other anti-cartilage soft tissue antibody activities are correlated with the 
inflammatory histologic characteristics {i.e., granulocytes or mononuclear cell infiltrates) within 
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the prosthetic device, one to two months post-transplantation, using methods known in the art, 
as for example, the methods described in K.R. Stone et at.. Transplantation 63: 640-645 (1997). 
[136] The animals that have had prosthetic devices implanted are allowed to recover and are 
monitored closely until the incisions have healed and the gait is normal. The prosthetic devrces 
are collected, processed, and examined microscopically. 

[137] Portions of the prosthetic devices and surrounding tissues are frozen in embedding 
mediums for frozen tissue specimens in embedding molds for immunohistochemisrry evaluation 
according to the methods known in the prior art. "TISSUE-TEK®" O.C.T. compound which 
includes about 10% w/w polyvinyl alcohol, about 4% w/w polyethylene glycol, and about 86% 
w/w nonreactive ingredients, and is manufactured by Sakura FinTek® (Torrence, California, 
USA) is a non-limiting example of apossible embedding medium for use with the mvenuon. 
Other embedding mediums known to those of ordinary skill in the art may also be used. The 
remaining implant and surrounding tissue is collected in 10% neutral buffered formalin for 
histopathologic examination. 

A^FOR A-GAL EPITOPES' ELIMINATION FROM MATRIX MATERIAL BY 
A-GALACTOSIDASE 

[138] In this example, an ELISA assay for assessing the elimination of a-gal epitopes from 
matrix material is conducted. 

[139] Assay For a-Galactosidase. The enzyme a-galactosidase (previously cloned from coffee 
beans and genetically expressed in the yeast Pichia pastoris) has been well-characterized (Zhu et 
aU Arch. Biochem. Biophysics 324: 65 (1995)). a-galactosidase is an exoglycosidase of 
molecular weight 41kDa that is diffusely distributed in nature. It functions by cleaving the 
terminal a-galactose residue from oligosaccharide chains from cells. The activity of recombinant 
enzyme is determined by reacting diluted enzyme with p-nitrophenyl-a-galactoside substrate, for 
10 minutes at room temperature (Zhu et al, Arch. Biochem. Biophysics 827:324 (1996)). The 
absorbance of p-nitrophenol in each solution is read at 405 nm. The enzyme is stable at 37°C, 
24°C, and 4°C, and is affected by repeated freezing and thawing. The activity of each batch of 
enzyme is checked prior to use in assays. 

27 



WO 03/105737 ^ ^PCT/US03/17444 

[140] A monoclonal anti-Gal antibody (designated M86) which is highly specific for a-gal 
epitopes on glycoproteins is produced by fusion of splenocytes from anti-Gal producing 
knock-out mice for a 1 ,3-galactosyltransferase, and a mouse hybridoma fusion partner. 
[141] M86 binds to synthetic a-gal epitopes linked to bovine serum albumin (BSA), to bovine 
thyroglobulin which has 11 a-gal epitopes, R.G. Spiro et al., J. Biol. Chem. 259: 9858 (1984); or 
to mouse laminin which has 50 a-gal epitopes, R.G. Arumugham et al, Biochem. Biophys. Acta 
883: 1 12 (1986); but not to human thyroglobulin or human laminin, Gaipi-4 GlcNAc-BSA 
(tf-acetyllactosamine-BSA) and Galal-4Gaipi-4GlcNAc-BSA (PI antigen linked to BSA), all 
of which completely lack a-gal epitopes. 

[142] Once the M86 antibody is isolated, the monoclonal antibody is diluted from about 1 :20 to 
about 1:160, and preferably diluted from about 1:50 to about 1:130. The antibody is incubated 
for a predetermined period of time ranging between about 5 hr to about 24 hr, at a predetermined 
temperature ranging from about 3°C to about 8°C. The antibody is maintained in constant 
rotation with fragments of soft tissue about 5 um to about 100 um in size, and more preferably 
with soft tissue fragments ranging from about 10 urn to about 50 urn in size, at various soft tissue 
concentrations ranging from about 200 mg/ml to about 1 .5 mg/ml. Subsequently, the soft tissue 
fragments are removed by centrifugation at centrifugation rate ranging from about 20,000 x g to 
about 50,000 x g. The proportion of M86 bound to the soft tissue is assessed by measuring the 
remaining M86 activity in the supernatant, in ELISA with a-gal-BSA as described in the prior art 
in, for example, U. Galili et al, Transplantation 63: 645-651 (1997). The extent of binding of 
M86 to the soft tissue is defined as a percentage inhibition of subsequent binding to a-gal-BSA. 
There is a direct relationship between the amount of a-gal epitopes in the matrix material and the 
proportion of M86 complexed with the matrix material fragments, thus removed from the 
supernatant (i.e., percentage inhibition). 

[143] Determination of Enzyme Protein Concentration - Specific Activity Determination. This 
assay employs the Sigma Diagnostics Microprotein-PR™ kit that quantitatively determines the 
amount of protein in solution. The reaction medium consists of 0.05 mmol/L pyrogallol red, 0.16 
mmol/L sodium molybdate. The protein standard solution consists of human albumin (50 
mg/lOOml) in saline with 0.1% sodium azide as a preservative. 95 ul of the pyrogallol reagent is 
added into each well. Deionized water is used as a blank. Into the test wells are added 5 ul of 
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e^e solution (1/50 dilution). The standi albumin solution is added into separate wells. The 
multiwell plate and contents is inoubated for 3 minutes at 37°C. The absorbance is determmed at 
600 nm. The protein concentration is calculated using the formula: Protein (mg/dl) - A,„, - 
A bl „ k / A, M - A bta , k XConcentration of Standard. 



[144] The foregoing description has been presented only for the purposes of illustration and is 
not intended to limit the invention to the precise form disclosed, but by the claims appended 
hereto. 
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CLAIMS 

What is claimed is: 



1. 



A substantially non-immunogenic prosthetic device for implantation into a vertebrate 
subject in a region disposed between and connecting two of the subject's bones, 
comprising a biocompatible glycosidase-treated matrix material, 
wherein the device matrix is adapted to have an in vivo an outer surface contour 
substantially the same as that of a region disposed between and connecting two of the 
subject's bones. 

2. The device of claim 1, wherein the glycosidase is a galactosidase. 

3. The device of claim 2, wherein the galactosidase is an a-galactosidase. 



4. 



The device of claim 1, wherein the matrix material has a plurality of first surface 
carbohydrate moieties substantially removed. 



5. The device of claim 1, wherein the matrix material is produced by: 

(a) removing at least a portion of a soft tissue from a non-human animal to provide a 
matrix material for the prosthetic device; 

(b) washing the matrix material in water and alcohol; 

(c) subjecting the matrix material to a cellular disruption treatment; and 

(d) digesting the matrix material with a glycosidase to remove substantially a 
plurality of first surface carbohydrate moieties from the matrix material. 

6. The device of claim 1 , further comprising a cross-linking agent. 
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The device of claim 6, wherein the cross-linking agent is selected from the group 
consisting of glutaraldehyde, formaldehyde, biocompatible Afunctional aldehydes, 
carbodiimides, hexamethylene diisocyanate, bis-ionidates, polyglycerol polyglycrdyl 
ether, glyoxal, bisimidates, adipyl chloride and mixtures thereof. 

The device of claim 1, further comprising cross-links between at least a portion of the 
matrix material. 

The device of claim 8, wherein the cross-links are dispersed substantially non-uniformly 
throughout the matrix. 



The device 
agent. 



of claim 8, wherein the cross-links are fonned by a chemical cross-linking 



The device of claim 8, wherein the cross-links having relatively high density at tip 
regions of the device and relatively low density at central regions of the device. 

The device of claim 8, wherein the molecular weight of the molecular cross-links is 
within the range of about 800-60,000 daltons. 

The device of claim 8, wherein the cross-links comprises at least one of the group of 
glycosaminoglycan molecules consisting of chondroitin 4-sulfate; chondroitin 6-sulfate; 
keratin sulfate; dermatan sulfate; and hyaluronic acid. 

t The device of claim 1, 

(a) wherein the matrix material comprises collagen and glycosaminoglycan 

cross-links, and 

(b) wherein the glycosaminoglycan cross-links are present at a density less than about 
0.95 and greater than about 0.50 cross-link/collagen ratio. 
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15. The device of claim 1, wherein the device matrix establishes an at least partially 
bioresorbable scaffold adapted for ingrowth of fibrochondrocytes. 



16. 



17. 



18. 



19. 



' 20. 



21. 



The device of claim 1, wherein the device is a meniscal augmentation device for 
implantation into a segmental defect of a meniscus. 

The device of claim 16, wherein the device an outer surface contour substantially 
complementary to the segmental defect of the meniscus. 

The device of claim 16, wherein the in vivo outer surface of the composite of the 
meniscus and the device is substantially the same as that of a natural meniscus without 
segmental defects. 

The device of claim 16, wherein the device is adapted for the ingrowth of meniscal 
fibrochondrocytes. 

The device of claim 19, wherein the device matrix and the ingrown meniscal 
fibrochondrocytes support natural meniscal load forces. 

The device of claim 16, wherein the segmental defect of the meniscus is a tear and the 
device is formed as a sheet sized to be inserted within the segmental defect of the 
meniscus. 

The device of claim 1, wherein the device is a prosthetic intervertebral disc, the device 
being adapted to have in vivo an outer surface contour substantially the same as that of a 
natural intervertebral disc. 

23. The device of claim 22, wherein the device matrix establishes a bioresorbable scaffold 
adapted for ingrowth of vertebral fibrochondrocytes. 



22. 
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support vertebral tensile forces. 
25 . ^aeviceofdatol.whe^.hedevioeisapros^oligan.entcompri.ingaplur^ 
of substantially aligned, elongated filaments. 

26 The device of claim 25, wherein the filaments in the device matrix establish a 
bioresorbable scaffold adapted for ingrowth of ligament fibroblasts. 

27 . Th edeviceofc,aim25,wheremmedevicematrixandd 1 eingrownfibroblastssupport 
natural ligament tensile forces. 

28 The device of claim 25, 

(a) wherein the fibrils are present in the matrix at a concentrate of about 75 to 

100% by dry weight, and 
C, whereinpolysaccharidemoleculesinthematrixarepresentataconcenhatronof 

about 0 to 25% by dry weight. 



29. 



thereof. 

30 The device of claim 1, wherein me device is a prosthetic articular 
articular cartilage. 

31 . ^devic.ofclaimSO.wheremthedevicematrixhasaporesizem^ 
range of about 100 microns to about 400 microns. 
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32 The device of claim 1 wherein the matrix material comprises fibers selected to the 

group consisting of collagen, elastin, and reticulta, analogs thereof and mixtures thereof. 

33. The device of claim 32, wherein the collagen is selected fiom the group consisting of 
Type I collagen, Type H collagen, and a combination thereof. 

34. The device of claim 1. wherein the matrix material comprises polysaccharides. 

35. The device of claim 1, wherein the matrix material comprises glycosaminoglycan (GAG) 
molecules. 

36 The device of claim 35, wherein the glycosaminoglycan molecules comprise a 

glycosaminoglycan molecule selected from the group consisting of chondroitm 4-sulfate; 
chondroitin 6-sulfate; keratin sulfate; dermatan sulfate; and hyaluronic acid. 

37. The device of claim 1, wherein the device matrix has a pore size substantially in the 
range 10-50 microns. 

38. The device of claim 1 , wherein the device matrix has a pore size in the approximate range 
of greater than 50 microns to less than about 500 microns. 

39. The device of claim 1, wherein the device matrix has a density of about 0.07 to 0.50 gram 
matrix per cubic centimenter. 

40. The device of claim 1, wherein the device matrix has a density of about 0.10 to about 
0.25 gram matrix per cubic centimeter. 

41 . The device of claim 1 . wherein the device matrix has an intrafibrillary and mterfibrillary 
space of about 2 to 25 cubic centimeters per gram matrix material. 
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The device of claim 1. wherein the device matrix has an intrafibrillary and interfibrillary 
space of about 2 to 14 cubic centimeters per gram matrix. 

The device of claim 1. wherein the matrix material further comprises one or more growth 
factors. 

The device of claim 43, wherein the growth factor is transforming growth factor-a, 
transforming growth factor-p, fibroblast growth factor, epidermal growth factor, platelet 
derived growth factor, or combinations thereof. 

The device of claim 1, wherein the matrix material further comprises an adhesion 
molecule. 

The device of claim 45, wherein the adhesion molecule is fibronectin, chondronectin, 
osteonectin, or combinations thereof. 



The device 



of claim 1, wherein the matrix material is polyethylene glycol-treated. 



The device of claim 1 . wherein the matrix material is produced by: 

(a) removing at least a portion of a soft tissue from a non-human vertebrate ammal to 
provide a matrix material for the prosthetic device; 

(b) washing the matrix material in water and alcohol; 

(c) subjecting the matrix material to a cellular disruption treatment; and 

(d) digesting the matrix material with a proteoglycan-depleting factor to remove 
substantially a plurality of proteoglycans from the matrix material, 

whereby the matrix material of the prosthetic device is substantially reduced in 
proteoglycans. 
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The device of claim 48, wherein the proteoglycan-depleting factor is selected from the 
group consisting of chondroitinase ABC, hyaluronidase, chondroitin AC E lyase, 
keratanase, trypsin and fibronectin fragment. 

The device of claim 1, wherein the prosthetic device is sterilized. 

The device of claim 1, wherein the device has a substantially wedge shape, having a wide 
central region between two narrow distal tip regions. 

The device of claim 1, 

(a) wherein the matrix has the shape of a circumferentially extending wedge having a 
central region and a region peripheral thereto, and spanning a predetermined angle 
greater than 0 degrees and less than or equal to 360 degrees about the central 
region, and 

(b) where the thickness in the central region of the wedge is less than the thickness in 
the peripheral region of the wedge. 

The device of claim 52, wherein the circumferentially extending wedge is 
crescent-shaped, having a wide central region between two narrow distal tip regions. 

The device of claim 52, wherein the circumferentially extending wedge spans an angle of 
360 degrees. 

The device of claim 1, 

(a) wherein collagen fibers are present in the matrix material at a concentration of 
about 65%-98% by dry weight, and 

(b) wherein glycosaminoglycan molecules are present in the matrix material at a 
concentration of about l%-25% by dry weight. 
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56 . The device of claim !, Anther comprising a mesh surrounding the device matrix, the 
mesh being absorbable and nonimmunogenic. 

57 The device of claim 30, tourer comprising a biocompatible corneal base component 
including an anchor for anchoring the articular cartilage device in a comphmentary 
aperture in cancellous bone, the base component extending from portions of the outer 
surface of the matrix. 

58. The device of claim 57, wherein the base component is at least partially resorbable. 

59. The device of claim 57, wherein the base component includes a plurality of 
circumferentially extending ridges. 

60. The device of claim 57, wherein the base component is composed of a composite 
material, comprising: 

(a) a dispersion of collagen and a 

(„) composition which is selected from the group consisting of tiiealeium phosphate, 
hydroxyapatite, and a combination of tricaleium phosphate and hydroxyapatite. 

61 . The device of claim 60, wherein the dispersion comprises about 90% by weight 
tricaleium phosphate and about 10% by weight collagen. 

62. The device of claim 60, wherein the dispersion comprises about 90% by weigh, 
hydroxyapatite and about 10% by weight collagen. 
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A method of making a prosthetic device for implantation into a subject, comprising the 

T Staining a snbstimtially immnnoiogica.ly-compatible matrix material, wherein 

the ma I materia! is substantially lacldng a plurality of first surface carbohydrate 

moieties; , . , , 

W fabricating me matrix material to form a device, wherein the dev.ee B adapted to 
tav e an t, vivo anouter surface contour substantially the same astha, 
disposed between and connecting two of the subject's bone,. 

* method of claim 63, wherein the device is formed as a prosthetic device selected 
fom the group consisting of a menisca, augmentation device, a devrce fcl me as a she. 
Td to btJerted within the segmental defect of ameniscus, aprosthetic mtervertebral 
disc, a prosthetic ligament and a prosthetic articular cartilage dev.ce. 

The method of claim 63, wherein the obtaining of substantially 
teununologically-compatiblematiix material in step (a) compnses: 

0 removing a, least a portion of a soft tissue from a non-hnman ammal to 

provide a matrix material; 

(ii) washing the matrix material in water and alcohol; 

(iii) subjecting tire matrix material to a cellnlar disruption treatment; and 

(iv) digesting the matrix material with a glycosidase, 
whereby the matrix material is substantially non-immnnogenic. 

66. The method of claim 63, wherein the glycosidase is a galactosidase. 

67. The method of claim 63, wherein the galactosidase is an n-galactosidase. 

68 The method of claim 63, wherein the obtaining of substantially 

immunologically-compatible matrix material in step (a) compnses: 



65. 
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digesting the matrix material with at least one proteoglycan-depleting factor 
seleeted from the group consisting of ehondroitinase ABC, hyaluronidase, 
chondroitin AC H lyase, keratanase, trypsin and fibroneetin fragment. 

69 The method of elaim 63, wherein the obtaining of substantially 

i^unologically-oompatible matrix material in step (a) compnses: 

adding to tire matrix materia! with one or more agents seleeted from tire group 
consisting of growth factors and adhesion molecules. 



70. 



71. 



72. 



73. 



The method of claim 63, wherein to fabricating of the device in step (b) comprises 
linking at least a portion of the fibers. 



cross 



The method of elaim 63, wherein the fabricating of the device in step (b) comprises 
fabricating a plurality of glycosaminoglyean molecules. 

The method of claim 63, wherein the fabricating of tire device in step (b) comprises: 
nesting ttre matrix material with one or more agents selected from the group 
consisting of growth factors and adhesion molecules. 

The method of claim 63, wherein tire fabricating of tire device in step (b) comprises: 

addmgtomedevicematrixameshextendingfromportionsoftbeoutersurfaceof 

the device, the mesh being resorbable and bioeompatrble. 
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74 The method of claim 63, wherein the fabricating of the device in step (b) comprise,: 

(i) previdmgapluraUtyofessentiallypureglycosidase-treatedfihersofa 

polymeric connective tissue-type component; 

(ii) cutting the fibers into segments shorter than the fibers to form fibrils; 
(hi) aggregating the fibrils into a plurality of elongated filaments; 

(iv) contacting the filaments with a cross-linking reagent for a time sufficent 
to cross-link at least a portion of the fibrils within the filaments, whereby 
each filament forms a dry, porous, volume matrix; and 

(v) aligning a plurality of the filaments in mutually adjacent relationship, the 
aligned filaments forming a prosthetic ligament. 

75 The method of claim 63, wherein the fabricating of the device in step (b) comprises: 
fabricating a prosthetic meniscus comprising a dry porous matrix of 
biocompatible glycosidase-treated fibers, such that the fabricated prosthette 
meniscus assumes the shape ofanative meniscus when implanted into a memscus 
of a subject. 

76 Thememodofclai^ , 

(i) placing a plurality of biocompatible glycosidase-treated fibers into a mold, 

the mold defining a shape for a meniscal prosthesis; 

(ii) subjecting the fibers to a first and a second cycle of freezing and thawing; 

(iii) contacting the fibers with a chemical cross-linking agent such that the 
fibers assume the shape of the mold; and 

(iv) lyophilizing the cross-linked fibers. 



77. 



The method of claim 76, wherein the placing in step (i) comprises: 

orienting glycosidase-treated fibers of the matrix material substantially 

circuniferentiaUybycompressmgthefibersmmemoldwim 

piston motion is substantially directed along a compression axis, while during the 
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compressing step the piston is rotated with respect to the mold about Are 
compression axis. , 

The method of claim 76, wherein the placing in step (i) comprises: 
orienting the fibers substantially radially. 

The method of claim 76, wherein fire subjecting in step (ii) further comprises the step of 
compressing fire fibers prior to the second cycle of freezing and thawmg. 

A method for regenerating tissue in a subject, comprising: 

(a) obtaining a prosthetic device comprising a biocompatible glycosmase-treated 
matrix material, and 

W implanting the device into the vertebrate subject in a region disposed be^een and 
connecting two of me subject's bones, such mat the device matrix estabhshes an 
at least partially bioresorbable scaffold adapted for ingrowth of cells selected 
from the group consisting of fibrochondrooytes, fibroblasts, or chondrocytes. 

The method of claim 80, wherein the subject is a human. 
• The method of claim 80, 

" (a) whereinmcregiondisposedbetweenandconnecnngtwoofmesu^ectsbonests 

a segmental defect in a meniscus in a subject; 
W wherein toe device is aprosthetic meniscus device formed such that the device 

has an outer surface contour substantially complementary to the segmental defect 
in the meniscus; and 

(o) wherein the device establishes a bioresorbable scaffold adapted for mgrowm of 
meniscal fibrochondrocytes. 
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The method of claim 80, 

Z wherein^^ondisposedbetweenandco^twoofthe^ectsbones, 

a tear of the meniscus; and 
(b) wherein (he device is formed as a sheet sized to be inserted into the tear. 

a segmental defect in a meniscus in a subject; 

enter surface of the composite of me device and me meniscns is substantially the 
same as natural meniscns withont a segmental defect; and 
(c) wherein the device establishes a biore*>rbab.e scaffold adapted for ingrowth of 
meniscal fibrochondrocytes. 

The method of claim 80, . „ :„ 

W wherein the region disposed between and connecting two of the subject s bones 

an intervertebral region; 

wherein the device is a prosthetic intervertebral disc adapted to have in v.v„ an 
outer snrface contour substantially the same as that of a natural intervertebral drsc; 



0>) 



and 



(c) wherein the device establishes a bioresorbable scaffold adapted for ingrowth of 
vertebral fibrochondrocytes. 
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The method of claim 80, 



(a) 



wherein the region disposed between and connecting two of the subject's bones is 
a joint; 

(b) wherein the device is a prosthetic articular cartilage device adapted to have an in 
vivo outer surface contour substantially the same as that of natural articular 
cartilage; and 

wherein the device establishes a bioresorbable scaffold adapted for ingrowth of 



(c) 



articular chondrocytes. 



The method of claim 81, further comprising the step of: 

anchoring the device in a complementary aperture in cancellous bone by a base 
component extending from portions of the outer surface of the device. 
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